Abstract: Bacteriophage T4 lysozyme (T4L) has been used as a paradigm for seminal biophysical studies on protein structure, dynamics, and stability. Approximately 700 mutants of this protein and their respective complexes have been characterized by X-ray crystallography; however, despite the high resolution diffraction limits attained in several studies, no hydrogen atoms were reported being visualized in the electron density maps. To address this, a 2.2 Å -resolution neutron data set was collected at 80 K from a crystal of perdeuterated T4L pseudo-wild type. We describe a near complete atomic structure of T4L, which includes the positions of 1737 hydrogen atoms determined by neutron crystallography. The cryogenic neutron model reveals explicit detail of the hydrogen bonding interactions in the protein, in addition to the protonation states of several important residues.
Introduction
T4 lysozyme (T4L) is an endoacetylmuramidase that is produced by the bacteriophage T4 and is subsequently used to infection of Escherichia coli with bacteriophage DNA. 1 Thus far, approximately 700 mutants of T4L and their respective complexes have been characterized. As such, this protein has been used as a paradigm for seminal biophysical studies on protein structure, dynamics, and stability. 2 These studies rely upon protein and water mediated hydrogen bonding networks that are geometrically inferred from crystal structures, since hydrogen (H) atoms are not resolved at the resolution of the available X-ray structures. 3 In contrast to X-ray diffraction, neutron diffraction can directly resolve the positions of hydrogen atoms in protein crystals, even at moderate resolution. 4, 5 Here, we report the neutron crystal structure of perdeuterated T4 lysozyme cysteinefree pseudo-wild type 6 (wt*T4L) determined at cryogenic temperature (80 K) to a resolution of 2.2 Å . The neutron structure provides a near complete atomistic description of the hydrogen-mediated interaction networks in T4L, clarifying both the protonation state of several key residues and the position of a hydrogen atom involved in an unusually short interaction.
Results and Discussion
Neutron structure of wt*T4L
Perdeuterated wt*T4L (d-wt*T4L), on which hydrogen atoms were replaced with deuterium, was expressed in E. coli grown in deuterated Enfors minimal media, 7 before it was subsequently purified via established protocols. 8 Crystals were grown under deuterated conditions, which were modified slightly from those which had been previously published. 9 A 0.7 mm 3 crystal was flash cooled in liquid nitrogen, before being transferred to a closed cycle refrigerator, 10 precooled to 80K, for data collection on the IMAGINE 11 beamline at Oak Ridge National Laboratory's High Flux Isotope Reactor. The neutron crystal structure of d-wt*T4L was determined to a resolution of 2.20 Å and refined to R work /R free of 24.2/28.0. A total of 1737 protein deuterium atoms and 36 D 2 O molecules are modeled in the final structure. The X-ray structure of a second d-wt*T4L crystal was determined to a resolution of 1.63 Å and refined to R work /R free of 15.8/18.6. The crystal was obtained at a pD of 6.2. Both neutron and cryogenic X-ray data-collection and refinement statistics are summarized in Table I . Overall, the neutron and X-ray structures of d-wt*T4L are similar to the structure of hydrogenated wild type T4L (h-wtT4L, PDB code: 3FA0), superimposing with r.m.s.d's of 0.28 Å and 0.18 Å respectively, for the backbone atoms [ Fig. 1(A) ]. Asn163 and Leu164 are removed from analysis due to the poor density for the C-terminal residues which are common for other T4L Xray structures. Comparisons of the temperature-factor distribution of C a atoms in the respective d-wt*T4L and h-wtT4L structures are highly similar [ Fig. 1(B) ], thus demonstrating that the structure of T4L is not significantly perturbed as result of deuteration.
Intermolecular hydrogen bonds
Analysis of the hydrogen bonding patterns in T4L and its various mutants has been the interest of Side chains participate in 40 hydrogen bonds. The average hydrogen donor-acceptor distance of side chain hydrogen bonds is 2.1 Å , and the donor angle is 1478 [ Fig. 1(C,D) ]. Three interaction networks revealed by neutron the crystal structure are of distinct interest:
Salt bridge between His31-Asp70. The neutron structure of d-wt*T4L shows that His31 is doubly protonated and positively charged, while Asp70 is negatively charged under the crystallization conditions (pD 6.2) [ Fig. 2(A) ]. The doubly protonated His31 in our neutron structure supports earlier NMR titration measurements that showed the pKa of His31 shifts from 6.3 in the unfolded state to 9.1 in the folded state. 10 His31 and Asp70 residues form a salt bridge, which contributes 3-5 kcal/mol to the free energy of T4L in the folded state. 12 The length of the salt bridge between His31 ND1 and Asp70 OD2 in h-wtT4L (PDB code: 3FA0) and d-wt*T4L X-ray structures is 2.66 Å and 2.7 Å , respectively. In the neutron structure, the position of DD1 is refined. The length between His31 DD1 and Asp70 OD2 is 1.9 Å , with the distance between His31 ND1 and Asp70 OD2 being 2.9 Å . Asp70 OD2 is also hydrogen bonded to DOD6.
An unusually short interaction. Previous mutant studies showed that substitution of Ser117 with other non-H-bonding residues improves the stability of T4L. 2, 13 The X-ray structure refinement of hwtT4L at 1.09 Å (PDB code: 3FA0) indicates that the interaction distance between side chain hydroxyl of Ser117 and side chain of Asn132 is 2.52 Å . 2, 3 This distance is measured to be 2.5 Å and 2.2 Å in the dwt*T4L X-ray and neutron structures, respectively. The neutron structure directly reveals the Ser117 DG hydrogen atom position. Unexpectedly, the orientation of the hydroxyl group on Ser117 points away from Asn132 OD and leaves a direct contact of Asn132 OD with Ser117 OG [ Fig. 2(B) ]. This observation is consistent with an earlier suggestion that, rather than being a strong hydrogen bond, this interaction is actually an unfavorable van der Waals contact. 2 However, we note a strong donor-acceptor distance (1.7 Å ) between Asn132 DD21 and Glu45 symm OE2 on its symmetry mate that draws the negative electron density away from carbonyl group and subsequently makes Asn132 OD more positive [ Fig. 2(B) ]. The distance between Asn132 ND2 and Glu45 symm OE2 is 2.52 Å in h-wtT4L (PDB code: 3FA0). The additional hydrogen bond helps to stabilize the aforementioned unfavorable van der Waals contact. This interaction is present in the crystal lattice, however, it is not seen in solution. It is possible that a water molecule is hydrogen bonded with Asn132 DD21 in solution to mimic the aforementioned hydrogen bond between Asn132 DD21 and the Glu45 OE2 on the crystallographic symmetry mate.
Hydrogen bonds network around Thr157. The contribution of the local hydrogen bond network around Thr157 to the thermal stability of T4L has been examined in detail. 14, 15 Replacement of Thr157
with Ile destabilizes the protein by 2.9 kcalmol 21 , which has been attributed to the loss of a hydrogen bond. Structural analysis of 13 destabilizing mutations suggests two potential hydrogen bonds that may contribute to the stability: Thr157 OG1-Thr155 OG1 and Thr157 OG1-Asp159 N. Generally, the most stable mutants are those where substitutions of Thr157 are hydrogen bonded to the buried main chain amide of Asp159. 15 Whereas the geometry of the putative hydrogen bonds inferred from the X-ray structure was ambiguous, the direct visualization of H atoms in the neutron structure explicitly reveals and confirms the nature of these hydrogen bond interactions [ Fig.  2(C) ].
Water molecules
The 40 most highly conserved solvent-binding sites in 10 different X-ray T4L have been previously reported. 16 All 40 of these waters are observed in the d-wt*T4L X-ray structure. Of these, 11 waters can be oriented and refined as D 2 O molecules in the neutron structure (Table II) . A further 21 waters are refined as D 2 O molecules elsewhere in the structure. Although many of these water molecules are found in other T4L structures, they are not amongst the most 40 highly conserved in T4L that are identified elsewhere. An additional 4 waters were partially ordered (D-O, O only). Twenty-seven hydrogen bonds were found between water molecules and protein in the neutron structure, with the average donor-acceptor distance at 2.0 Å and an average the donor angle of 1548 [ Fig. 1(C,D) ].
Several cavities are present in wt*T4L that are large enough to contain one or more water molecules. Water molecules, and the hydrogen-bonding networks formed in these cavities, are readily visualized in the nuclear density maps [ Fig. 2(D,E) ]. Cavity 1, located between helix C and b sheets near the active cleft, has two-ordered water molecules, DOD6 and DOD20. This cavity is surrounded by Gly28, Ile29, Ala63, Leu66, Phe67, and Asp70. The two water molecules are hydrogen bonded to each other (2.4 Å ) with the oxygen atom of DOD20 as an acceptor. The oxygen atom of DOD20 (refined as DO) is also hydrogen bonded to the backbone D of Ile29 (1.7 Å ). The DOD6 molecule is hydrogen bonded to OD2 of Aps70 (1.7 Å ) as a hydrogen bond donor. Cavity 2 is relatively small and contains a single water molecule (DOD1). It is surrounded by Asn101, Met102, Gln105, Trp138, and Val149. This water molecule is only hydrogen bonded to Asn101 OD1 (2.1 Å ) in the neutron structure. A proposed hydrogen bond to Gln105 OE1 17 is not observed in the current neutron structure. In summary, the direct observation of hydrogen atoms in the neutron structure of d-wt*T4L provides a nearly complete atomistic description of this paradigmatic biophysical model, in addition to an unprecedented level of detail regarding hydrogen bonding interactions in the protein. This additional information is valuable for future computational studies on protein folding and dynamics and will provide new insights into studies on T4L in which this information is otherwise unattainable.
Materials and Methods

Protein expression and purification
The T4 lysozyme used in this study was based on the cysteine-free pseudo-wild type T4L. 6 Perdeuterated protein (d-wt*T4L) was expressed using E. coli strain BL21, as previously described. 18 Briefly, cells were gradually adapted over three days from LB culture medium to deuterated Enfors minimal media. The protein was expressed in about 40 mg/L culture by fermentation protocols utilizing d8-glycerol as the carbon source. Cells were induced using 1mM IPTG at an OD 600nm of 8-9 for 1.5 hour before harvesting. Purification of d-wt*T4L followed the published procedure. 8 The soluble fraction of the cell lysate was dialyzed to remove extra salt and was then purified on a cation exchange column (HiTrap TM, CM Sepharose FF, GE Healthcare). Pooled fractions were concentrated and finally purified by passage over a Superdex 75 size exclusive column with crystallization buffer (50 mM MOPS, 25 mM NaCl, pH 6.8). Final protein purity was greater than 95% as judged by SDS-PAGE. Purified d-wt*T4L was concentrated to about 10-20 mg/mL (E 5 24 990 cm 21 M 21 at 280 nm) and crystalized using micro-seeding techniques. First, small seed crystals of h-wt*T4L were obtained by sitting drop vapor diffusion as previously reported (2.0 M Na/K phosphate, pH 6-7, 250 mM NaCl, 40 mM 2-hydroxyethyl disulfide). 9 h-wt*T4L crystals were then crushed using a seed bead (Hampton Research). The original seeds stock was diluted 10,000 times by reservoir solution and was subsequently used as seeds for crystalizing d-wt*T4L in deuterated conditions. The crystallization condition was similar to the hwt*T4L condition (2.0 M Na/K phosphate, pD 6-7, 250 mM NaCl, 40mM 2-hydroxyethyl disulfide). The drop size was 50 lL protein solution plus 50 lL reservoir solution and the reservoir solution volume was 0.5 mL. Large d-wt*T4L crystals (0.5 mm 3 ) appeared after incubation for one month at 208C.
Crystallographic data collection and refinement
To prepare for cryogenic temperature neutron data collection, crystals were screened at room temperature for diffraction viability on the MaNDi instrument 19 at the Spallation Neutron Source at Oak
Ridge National laboratory (ORNL). The selected crystal was rapidly passed through the cryo-protectant (50% d8-glycerol 1:1 mixed with the deuterated crystal reservoir solution) and flash cooled in liquid nitrogen bath. Low temperature ( 80K) neutron diffraction data was collected on IMAGINE at HIFR in ORNL. 11 Low temperature 100K X-ray diffraction data was collected on a home-source Rigaku HF007 micromax diffractometer. Phases were determined by molecular replacement using the Phaser program 20 with the coordinates of h-wt*T4L (PDB Code: 1LW9) as a search model. X-ray and neutron structure refinements were completed using PHENIX 21 independently with stepwise cycles of manual model building using COOT. 22 The data collection and structure refinement statistics are listed in Table I . The final models exhibit good stereochemistry as determined by MolProbity. 23 Atomic coordinates and structure factors have been deposited in the Protein Data Bank 24 under the accession codes 5VNQ for neutron structure and 5VNR for X-ray structure. All molecular graphics figures were prepared with PyMol. 25 
